Single crystals of R 2 CoGa 8 series of compounds were grown, for the first time, by high temperature solution growth (flux) method. These compounds crystallize in a tetragonal crystal structure with the space group P 4/mmm. It has been found that R 2 CoGa 8 phase forms only with the heavier rare earths, starting from Gd with a relatively large c/a ratio of ≈ 2.6. The resultant anisotropic magnetic properties of the compounds were investigated along the two principal crystallographic 
I. INTRODUCTION
R n TX 3n+2 (R = rare earths, T = Co, Rh and Ir and X = In and Ga) form a family of compounds, mainly consisting of two groups with n = 1 and n = 2. Both the groups of compounds are structurally similar and exhibit a variety of interesting physical phenomena, which include heavy fermions, superconductivity and their coexistence, pressure induced superconductivity, magnetic ordering etc. Compounds of n = 1 group have been investigated extensively compared to n = 2. The latter group of compounds (R 2 TX 8 ) were first reported by Kalychak et al 1 , who reported the crystallographic details on these compounds. Later on, the interest in these compounds grew further due to the interesting behavior shown by the Ce compounds. Ce 2 RhIn 8 orders antiferromagnetically with a Néel temperature of 2.8 K and it undergoes pressure induced superconductivity at 2 K under a pressure of 2.3 GPa 3 .
Ce 2 CoIn 8 is a Kondo lattice exhibiting heavy fermion superconductivity with a T c = 0.4 K
4,5
at ambient pressure, while Ce 2 IrIn 8 is a heavy fermion paramagnet 2 .
The magnetic properties of polycrystalline R analogs, and to the best of our knowledge there are no reports on the corresponding gallium compounds, we decided to study the R 2 CoGa 8 for various rare earths. Here we report on our detailed structural and magnetization studies in this series of single crystals.
II. EXPERIMENT
Single crystals of R 2 CoGa 8 (R = rare earths) compounds were grown by the flux method.
The starting materials used for the preparation of R 2 CoGa 8 single crystals were high purity metals of rare-earths (99.95%), Co (99.9%) and Ga (99.999%). Owing to the low melting point of Ga, the single crystals were grown in Ga flux. Considering the great affinity of Co and Ga atoms to form CoGa 3 , we decided to make R 2 Co button by arc melting and use it with excess Ga flux. From the binary phase diagram of R-Co we found that R 2 Co phase does not exist, so the melt formed will have arbitrary phases which are assumed to remain unstable in presence of Ga within the required temperature range. From the previous studies 4 , it was observed that the R 2 CoIn 8 crystals were grown in the temperature range between 750 and 450 • C. We have also employed the same temperature range for the growth of R 2 CoGa 8 compounds. A button of R 2 Co with excess of Ga (R:Co:Ga = 2:1:27) was taken in an alumina crucible and then sealed in an evacuated quartz ampoule.
The ampoule was then heated up to 1050
• C over a period of 24 hours and held at this temperature for 24 hours, so that the melt becomes homogeneous. The furnace was then cooled very rapidly down to 750
• C to avoid the formation of any unwanted phase. From 750 to 400
• C the furnace was cooled down at the rate of 1
• C/h, followed by a fast cooling to room temperature. The crystals were separated by centrifuging and as well treating them in hot water. The crystals obtained were platelets of size roughly 5 × 5 × 1 mm 3 . In some of the cases the small platelets stick together to form a big crystal (roughly 7 × 5 × 4 mm 3 ). An energy dispersive X-ray analysis (EDAX) was performed on all the obtained single crystals to identify their phase. The EDAX results confirmed the crystals to be of the composition 2:1:8. To check for the phase purity, powder x-ray diffraction pattern of all the compounds were recorded by powdering a few small pieces of single crystal. The R 2 CoGa 8 phase forms only for heavier rare earths (Gd, Tb, Dy, Ho, Er, Tm and Lu, Y).
Our attempts to make the compound with lighter rare earths failed. We did not attempt to make Yb and Eu compounds. It was found that in all the cases the crystallographic (001) plane was perpendicular to the flat plates of the crystal. The crystals were oriented along the crystallographic axis [100] and [001] using Laue X-ray diffractometer, and cut along the principal directions for the purpose of magnetization measurements by spark erosion cutting machine. The magnetic measurements were performed using a superconducting quantum interference device (SQUID -Quantum Design) and vibrating sample magnetometer (VSM Oxford Instruments).
III. RESULTS

A. Crystal structure
The R 2 CoGa 8 series of compounds form in a tetragonal structure with a space group P4/mmm (# 123). One of the compounds of the series, Ho 2 CoGa 8 is well cited for this particular structure. In order to confirm the phase homogeneity of the compound with proper lattice and crystallographic parameters, a Rietveld analysis of the observed X-ray pattern of all the compounds was done. The lattice parameters thus obtained are listed in Table I and a representative Rietveld refined plot of Ho 2 CoGa 8 is shown in Fig. 1 
to the data lead to paramagnetic impurity ion concentration of a few ppm and θ p is nearly zero. The value of χ 0 is found to be -2.08 × 10 −4 emu/mol and -3. directions, respectively. The minor difference in the susceptibility along the two axes may be due to the second order anisotropy arising from the dipole-dipole interaction. The linear behavior of the magnetic isotherms at 2 K (Fig. 6 ) for both the axes further corroborates the antiferromagnetic nature of the magnetically ordered state. In the paramagnetic state the susceptibility was fitted to the modified Curie-Weiss law as shown in Fig 5(b) . The obtained effective magnetic moments presented in Table III A similar behavior has earlier been seen in GdCo 2 Si 2 11 , which was later shown to be due to a non-collinear amplitude modulated structure 12 . So we assume that a similar or some complicated stable magnetic structure is present in Gd 2 CoGa 8 . The anisotropic magnetic behavior is further corroborated by the magnetic isotherms (measured at various temperatures along the [001] direction) of the compound with field applied along the two crystallographic axes, respectively which is shown in Fig. 8(a) . The Fig. 8(a) ) is a straight line with a magnetization value of 2.6 µ B /Tb at 12 T.
The thermal variation of the magnetic susceptibility of Dy 2 CoGa 8 is similar to that of Tb 2 CoGa 8 . An antiferromagnetic transition occurs at T N =18 K as shown in Fig. 9(a) .
In the paramagnetic state the inverse susceptibility was fitted to Curie-Weiss law with at H c1 = 3.4 T and H c2 = 8.6 T. After the second metamagnetic transition the magnetization reaches about 7.1 µ B /Dy at 12 T. This value is less than the ideal saturation value of 10 µ B /Dy for Dy 3+ ion. A hysteresis was observed (not shown in the figure) between the two metamagnetic transitions, which may be due to the anisotropic behavior of the reoriented moments. The temperature variation of the magnetic isotherm is similar to that of Tb 2 CoGa 8 , namely the decrease in the sharpness and shift towards lower magnetic fields of the metamagnetic transition with temperature. In Tb 2 CoGa 8 the magnetization at 12 T was found to increase initially with temperature and then decreases near the Néel temperature of the compound, whereas in Dy 2 CoGa 8 it decreases continuously with temperature. This effect is attributed to the strong antiferromagnetic coupling of the Tb 3+ moments compared to that of Dy 3+ moments. This is also evident from the polycrystalline average θ p of both the compounds. Because of the strong coupling the thermal energy acts as a helping hand for the reorientation of the moments, whereas in Dy 2 CoGa 8 the field energy is sufficient to break the antiferromagnetic coupling. From the differential plots of the isothermal magnetization curves (not shown here), we have constructed the magnetic phase diagram as depicted in Fig. 10(b) . H c1 at first increases with the increase in temperature and then decreases above 10 K and finally vanishes for temperature above 15 K , while the H c2 decreases continuously with the increase in the temperature. At low temperatures and for fields less than 3.4 T, the systems is in a purely antiferromagnetic state as indicated by (AF-I) in Fig. 10 (b) and then undergoes a complex magnetic structure (AF-II) for fields between H c1 and H c2 and finally enters into the field induced ferromagnetic state.
The magnetic susceptibility of Ho 2 CoGa 8 in an applied magnetic field of 5 kOe along
[100] and [001] axes is shown in Fig. 11(a) . The compound orders antiferromagnetically at 1.8 K. The inverse susceptibility is plotted in Fig. 14(b) . Both the plots are close to each other indicating a weak anisotropy of the compound. In addition, there is a crossover of the susceptibility at about 164 K, indicating a change in easy axis of magnetization with temperature. Similar behavior has been observed in Er 2 PdSi 3 15 . Such a behavior may possibly arise due to the magnetic behavior of the compound lying on the border of the anisotropic crossover along the crystallographic axis. This is also supported by the crystal field calculation on the compound discussed in the next section. The magnetic isotherm along both the direction is shown in Fig. 15 . In case of Tm 2 CoGa 8 the susceptibility along both the crystallographic direction show antiferromagnetic behavior at 50 Oe (inset of Fig. 16a ). When the field is increased to 5 kOe, antiferromagnetic transition along both the axis vanishes. This indicates a weak interaction among the moments such that the antiferromagnetic peak shifts with small applied fields and vanishes even at 5 kOe. The magnetic isotherm at 1.8 K for both the crystallographic axis is shown in Fig. 17 . The behavior of magnetization along both the axis is qualitatively similar. directions. 2 J(J + 1), where g J is the Landé g factor and J is the total angular momentum.
The Néel temperature of the R 2 CoGa 8 series of compound is plotted in Fig. 18 10 showed it to be due to the CEF effects. The magnetic susceptibility data presented above therefore provide a good opportunity to attempt a crystal electric field analysis on this series of compounds. From the estimated crystal field parameters we found that the enhancement in the ordering temperature of Tb and Dy can be attributed to CEF effects, as described later in this section.
The rare-earth atom in R 2 CoGa 8 occupies the 2g Wyckoff's position with a tetragonal C 4v point symmetry. The CEF Hamiltonian for a tetragonal symmetry is given by, 
where B m ℓ and O m ℓ are the CEF parameters and the Stevens operators, respectively 16, 17 . The CEF susceptibility is defined as
where g J is the Landé g -factor, E n and | n are the nth eigenvalue and eigenfunction, respectively. J i (i = x, y and z) is a component of the angular momentum, and ∆ m,n = E n − E m , Z = n e −βEn and β = 1/k B T . The magnetic susceptibility including the molecular field contribution λ i is given by [100] 
The obtained value for J ex along both the crystallographic directions is presented in 
